The manner in which the thousands of synaptic inputs received by a pyramidal neuron are summed is critical both to our understanding of the computations that may be performed by single neurons and of the codes used by neurons to transmit information. Recent work on pyramidal cell dendrites has shown that subthreshold synaptic inputs are modulated by voltage-dependent channels, raising the possibility that summation of synaptic responses is inf luenced by the active properties of dendrites. Here, we use somatic and dendritic whole-cell recordings to show that pyramidal cells in hippocampal area CA3 sum distal and proximal excitatory postsynaptic potentials sublinearly and actively, that the degree of nonlinearity depends on the magnitude and timing of the excitatory postsynaptic potentials, and that blockade of transient potassium channels linearizes summation. Nonlinear summation of synaptic inputs could have important implications for the computations performed by single neurons and also for the role of the mossy fiber and perforant path inputs to hippocampal area CA3.
A question central to our understanding of synaptic integration is ''How does a neuron summate the tens of thousands of synaptic inputs that it receives, hundreds of which may be active in a period of a few milliseconds?'' This question has two related components. First, are active processes such as activation of voltagedependent channels involved in summation of voltage changes? Second, what mathematical functions are computed by neurons receiving multiple nearly simultaneous inputs ? Synaptic integration has been considered to be governed by the passive properties of the neuron. In most cases, passive models predict linear summation of synaptic inputs. That is, the response to two or more simultaneous inputs should be the arithmetic sum of the responses to those same inputs elicited separately. However, passive summation may be sublinear (1, 2) if either (i) the magnitude of the voltage change caused by one input is sufficient to alter the driving force at the other synapse or (ii) the conductance change resulting from the opening of synaptic channels decreases the neuron's input resistance, leading to shunting of synaptic current. This model of passive synaptic integration makes important predictions about the computational function of neurons and their dendrites (2) (3) (4) , as well as about the kinds of neural codes that single neurons might be able to interpret (5) .
Recent work has demonstrated that subthreshold synaptic inputs activate voltage-dependent sodium and calcium channels in the soma and dendrites of pyramidal cells (6, 7) , suggesting that synaptic integration may be an active process rather than being governed solely by the passive properties of neurons. Theoretical studies have suggested that the activation of sodium or calcium channels may provide a mechanism for supralinear summation of synaptic inputs, thereby allowing dendritic branches to perform nonlinear computations or to detect coincident inputs (3, 8) .
However, pyramidal cell dendrites contain a high density of voltage-dependent potassium channels, which attenuate the propagation of excitatory postsynaptic potentials (EPSPs) and action potentials in dendrites (9) . These channels may act to counter or modulate the actions of dendritic sodium and calcium channels. Thus, the net effect of somato-dendritic voltage-dependent channels on the summation of synaptic inputs is likely to depend on the amplitude, time course, and spatial location of the voltage changes (7, 10) , as well as on the density and distribution of the various channel types.
To assess the properties and mechanisms of EPSP summation in pyramidal cells, we took advantage of our ability to stimulate independently two afferent inputs to pyramidal neurons in hippocampal area CA3. Cells in layer II of the entorhinal cortex (EC) form excitatory synapses on the distal apical dendrites of CA3 pyramidal cells via their perforant path axons (11, 12) . Layer II cells also project disynaptically to CA3 via the dentate granule cells which send their mossy fiber axons to the proximal apical dendrites of CA3 pyramidal cells (Fig. 1A) . Thus, CA3 pyramidal cells receive convergent excitatory synaptic inputs from the EC via these two pathways (13) . Theoretical studies of the hippocampus have suggested that the facilitation of Hebbian synaptic plasticity by convergent mossy fiber and perforant path EPSPs is an important functional feature of hippocampal circuitry (14) (15) (16) . Our understanding of the propagation of activity from EC to the hippocampus and also of the role of these pathways in hippocampal function therefore depends on an understanding of how these proximal and distal EPSPs are summed in CA3 pyramidal cells.
METHODS
Electrophysiological Methods. Rat hippocampal slices (400 m) were prepared according to procedures described previously (17) . Slices were cut through the mossy fiber pathway (Fig. 1 A) in CA3 with a scalpel immediately after being sectioned on the vibratome. For most experiments, slices were obtained from rats 24 to 40 days old. For experiments involving double patch clamp recording from soma and apical dendrites, the animals used were 18-21 days old. Subsequently, summation of EPSPs was characterized in slices from 17-to 21-day-old animals using standard synaptic stimulation and found to be not significantly different from the data reported in Fig. 1C . Slices were incubated at 37°C for 1 hr after slicing in an artificial cerebrospinal fluid containing NaCl, 125 mM; KCl, 2 mM; dextrose, 10 mM; NaHCO 3 , 26 mM; MgCl, 6 mM; CaCl 2 , 1 mM, and then returned to room temperature. Whole-cell recordings were obtained using Axoclamp 2A and Axopatch 1D amplifiers and custom software written in LabView (Na-tional Instruments, Austin, TX). Cells were visualized using infrared differential interference contrast optics (Zeiss Axioskop) and video microscopy (Hamamatsu, Middlesex, NJ). Whole-cell pipettes (3-7 M⍀, 7-12 M⍀ for dendritic recordings) were pulled from borosilicate glass and filled with solutions containing either potassium gluconate, 120 mM; KCl, 20 mM; Hepes, 10 mM; EGTA, 1 mM; Mg-ATP, 4 mM; Na-GTP, 0.3 mM; and sodium phosphocreatine, 10 mM, or in the four cells described in Fig. 2B : CsF, 120 mM; CsCl, 20 mM; EGTA, 10 mM; Hepes, 10 mM; and QX-314, 5 mM. Recordings were made in the artificial cerebrospinal fluid described above, except that the CaCl 2 and MgCl 2 concentrations were changed to 3 mM, and bicuculline (10-20 M, Sigma), CGP35348 (500 M), and D-APV (25 M, Tocris Neuramin, Bristol, U.K.) were added to isolate the AMPA receptordependent EPSPs. CGP35348 was a gift from CIBA-Geigy and the QX-314 was a gift from Alamone Labs (Jerusalem, Israel). Stimulation electrodes were positioned in the Stratum lacunosum moleculare and Stratum lucidum to activate perforant path and mossy fibers, respectively. Previous work (12, 18) demonstrated that these stimulation locations resulted in activation of the desired synaptic inputs.
Simulations. Compartmental models of reconstructed CA3 pyramidal cells (19) were implemented in GENESIS. Passive parameters were: R m ϭ 30,000 ⍀cm (dendrites). The differences in passive parameters between soma and dendrites was used to account for membrane in spines, which were not modeled explicitly. Synaptic conductance changes were simulated using the standard GENESIS synchan object with time constants of 0.5 and 5 ms. Synaptic inputs were simulated by placing 2-10 individual synapses in apical dendritic segments either Ͼ450 m (perforant path) or Ͻ150 m (mossy fiber) from the soma.
RESULTS
We examined the summation of perforant path and mossy fiber synaptic inputs to CA3 pyramidal neurons to determine whether voltage-dependent channels influence the way in which these cells integrate synaptic inputs. The propagation of perforant path EPSPs to the CA3 cell soma is amplified by subthreshold activation of voltage-dependent conductances (20) in a manner similar to that observed in other pyramidal cells (21) (22) (23) . We therefore hypothesized that somatic EPSPs evoked by perforant path stimulation would be modulated by changes in membrane potential and that they would sum actively and nonlinearly with other voltage changes (including EPSPs).
To study the linearity of summation of EPSPs, we evoked mossy fiber and perforant path EPSPs singly and also in pairs with interstimulus intervals (ISIs) of 0-100 ms while recording from CA3 pyramidal cells. In some experiments mossy fiber stimulation preceded perforant path stimulation (ISI Ͼ 0 ms) and in others, the order was reversed (ISI Ͻ 0 ms), allowing us to assess the effect of prestimulation of each of these pathways on the other.
For positive ISIs (mossy fiber first), the response recorded following the stimulation of the perforant path alone was compared with the contribution of the perforant path to the combined response, as determined by subtracting the mossy fiber response from the response resulting from paired stimulation (Fig. 1B) . This subtraction of waveforms resulted in a fourth waveform which we termed the ''subtracted'' response. The ratio of the peak amplitude of this subtracted response to that of the actual perforant path response was used as a measure of the nonlinearity of the summation of EPSPs. A ratio of 1 indicates linear summation; ratios of greater and less than 1 indicate supralinear and sublinear summation, respectively. The analogous procedure (subtracting perforant path EPSPs from the paired EPSP and comparing the result to the mossy fiber EPSP) was used for experiments in which perforant path synapses were stimulated first (negative ISIs).
Prestimulation of mossy fibers resulted in sublinear summation of EPSPs for ISIs between 0 and 10 ms, with the maximal nonlinearity being a 49 Ϯ 9% reduction of the perforant path EPSP for a 10-ms ISI (Fig. 1C) . At intervals between 20 and 100 ms and at all negative ISIs (when the perforant path was stimulated before mossy fibers), the distal and proximal inputs summed linearly (Fig. 1 A) . The reasons for the asymmetry (mossy fiber prestimulation affecting perforant path EPSPs but not the reverse) are explored below. Note that, unlike the sublinearity predicted by passive models (1) (see Fig. 4B ), the duration of the sublinearity (Ϸ15 ms) did not reflect the time course of the mossy fiber EPSP (which decays more slowly) excitatory postsynaptic current or the AMPA receptormediated excitatory postsynaptic current (which is faster). Summation of EPSPs was unaffected by blockade of NMDA receptors (Fig. 1C) .
Sublinear summation could result from the passive mechanisms (changes in reversal potential or input resistance) described above (see Introduction). Alternatively, sublinearity could result from activation of a voltage-dependent channel, resulting in outward current flow and reduced depolarization or inactivation of voltage-dependent sodium or calcium channels involved in boosting of the perforant path EPSP. A sublinearity resulting from either of the first two mechanisms would be predicted by passive cable theory and thus we term these to be examples of ''passive nonlinear summation,'' whereas the third and fourth mechanisms we term examples of ''active nonlinear summation.'' Passive nonlinearities summation has been observed previously in motoneurons (24) , but, notably, not in hippocampal neurons (25, 26) .
To test whether the observed sublinear summation was a result of the shunting of perforant path synaptic current by the mossy fiber synaptic conductance, we replaced mossy fiber stimulation with direct current injection into the apical dendrite of the pyramidal cell via a patch pipette. The current injected into the dendrite was in the form of an ␣ function, the parameters of which were selected to approximate mossy fiber EPSPs (Fig. 1D) . In these experiments, perforant path EPSPs were reduced in a manner similar to that observed in experiments in which mossy fibers were stimulated. The maximal reduction was 40 Ϯ 16% at an ISI of 10 ms (Fig. 1E) . However, unlike the case of synaptic stimulation, summation was linear for ISIs of 0 ms. This difference may indicate that the reduction of the perforant path EPSP at the 0-ms ISI is due to shunting by the mossy fiber synaptic conductance, or it may simply reflect the fact that the direct current injection produces a depolarization without the delay that results when mossy fiber axons are simulated. In these experiments the average delay between stimulation and onset of mossy fiber EPSP was 2.8 Ϯ 0.5 ms. Thus, the 0-ms ISI in these dendritic current injection experiments is comparable to the an ISI of Ϫ2.8 ms in experiments using real mossy fiber synaptic input, at which linear summation is likely to be observed.
We next performed the same experiments while voltage clamping at Ϫ75 mV. In these recordings, distal and proximal excitatory postsynaptic currents summed linearly at all ISIs from 0 to 100 ms (Fig. 2 A and B) . These results indicate that, even at the 0-ms ISI, the observed sublinear summation was mediated postsynaptically and voltage dependent, but was not caused by shunting of perforant path synaptic current by the mossy fiber synaptic conductance change. We concluded that the sublinearity of summation of perforant path and mossy fiber EPSPs was mediated actively, i.e., via opening of voltagedependent channels in the postsynaptic cell. We were able to block sublinear summation by somatic voltage clamp, despite the fact that our voltage control of distal dendrites was probably poor due to inadequate space clamp. This suggests that the channels mediating the sublinearity are close to the soma.
We examined further the voltage dependence of this sublinear summation by examining the dependence of the linearity of summation on the peak depolarization observed during the mossy fiber EPSP. In these experiments we gave unpaired and paired (at ISIs of 5 and 100 ms) mossy fiber and perforant path stimulation, while varying the amplitude of the mossy fiber stimulation. The magnitude of the reduction of the perforant path EPSP depended, in a nonlinear fashion, on the amplitude of the mossy fiber-evoked EPSP. EPSPs of Ͻ5 mV peak amplitude resulted in no significant interaction, while EPSPs of Ϸ12 mV resulted in maximal interaction (Fig. 2C) . Simulations (see Fig. 4A ) showed that for passive nonlinearities, the magnitude of the sublinearity at the 0-ms ISI varied approximately linearly with EPSP amplitude, with a 20-mV mossy fiber EPSP resulting in a subtracted response that was 82% of the unpaired perforant path EPSP. Similar results were obtained from two cells in which the mossy fiber stimulation was replaced by direct current injection via a dendritic patch electrode.
In other experiments, the magnitude of perforant path EPSPs was varied to determine whether prestimulation of perforant path EPSPs could be shown to have some effect on mossy fiber EPSP amplitudes. Varying the amplitude of perforant path EPSPs had no significant effect on summation with mossy fiber EPSPs (Fig. 2D) , suggesting either that perforant path EPSPs resulted in the opening of different types of voltege-dependent channels than did mossy fiber EPSPs. Alternatively, perforant path EPSPs may be more sensitive to prestimulation because they are significantly boosted by voltage-dependent sodium and calcium channels (20) , or simply because they travel through more of the dendrite on the way to the soma (see Discussion).
Based on the voltage dependence for the sublinear summation, we hypothesized that this sublinear summation was caused either by the inactivation of the sodium or calcium channels involved in boosting the perforant path EPSP (20) or by the activation of transient A-type potassium channels (9) . Blocking voltage-dependent sodium and calcium channels by the addition of 10 mM QX-314 (27) to the pipette solution had no effect on summation (Fig. 2E) , suggesting that inactivation of boosting channels was not the mechanism of the sublinearity. However, in cells recorded using pipette solutions containing 4-aminopyridine (4AP; 5 mM), which blocks transient potassium channels when applied intracellularly (9, 28, 29) , perforant path and mossy fiber EPSPs summed linearly at the 5-and 100-ms ISIs (the only ISIs tested; Fig. 2E ), suggesting that a voltage-dependent potassium channel, most likely an A channel, is responsible for the sublinear summation observed.
We next examined the voltage dependence of mossy fiber and perforant path EPSPs as well as the summation of EPSPs. We considered experiments on voltage dependence to be simple versions of summation experiments, in which one of the voltage changes being summed is a voltage step. Thus, these experiments explored the summation of a steady-state voltage change with one or two synaptically activated voltage changes. Steady-state depolarization should inactivate A channels, and 
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Proc. Natl. Acad. Sci. USA 95 (1998) 11453 thus we expected that summation of perforant path and mossy fiber EPSPs should be more linear when combined with a steady-state depolarization of sufficient amplitude. Also, previous work has shown that synapses onto layer 3 and 5 pyramidal cells in neocortex (21, (30) (31) (32) (33) or collateral synapses onto CA3 pyramidal cells show little change, or even an increase in amplitude with steady-state depolarization, suggesting that the amplitude of these EPSPs is affected by activation of postsynaptic voltage-dependent conductances. On average, the amplitude of perforant path EPSPs increased (by 1.3 Ϯ 1.3% per 10 mV, n ϭ 12) with depolarization from resting potential over the range from Ϫ100 to Ϫ60 mV (Fig. 3 A and C) . Thus, the summation of perforant path EPSPs with steady-state voltage changes was essentially linear. This insensitivity of perforant path EPSPs' amplitude to changes in somatic membrane potential is due in part to the attenuation of the steady-state somatic voltage change with distance. However, as shown in Fig. 4C , the very small voltage dependence of the perforant path EPSP peak is inconsistent with a synaptic location even on the most distal dendrite of a CA3 cell, strongly suggesting that voltage-dependent channels are involved in the summation of perforant path EPSPs with steady-state voltage changes (Fig. 4C) . Previous work (34) has suggested that this sort of anomalous voltage dependence of EPSPs may be due to activation of NMDA receptors, but these were blocked in our study. Thus, other mechanisms, such as activation of persistent sodium (21), or low voltage-activated calcium channels (33) , or inactivation of the hyperpolarizationactivated channels mediating ''sag'' (31, 35) may account for this phenomenon.
In contrast, mossy fiber EPSPs decreased with depolarization (average change in peak 12.7 Ϯ 4.1% per 10 mV from Ϫ70, n ϭ 6; Fig. 3 ) and had a projected reversal potential of near 0 mV, consistent with their proximal location (Fig. 4C) . Thus, mossy fiber EPSPs summed sublinearly with steady-state somatic voltage changes in a manner consistent with cable theory and with the expected effect of changes in reversal potential.
Summation of perforant path and mossy fiber EPSPs also showed significant voltage dependence, with summation at 0-ms ISIs being linear for potentials more positive than Ϫ60 (0.99 Ϯ 0.25 at Ϫ57 mV) and becoming more sublinear when membrane potential was hyperpolarized from rest. This supports our conclusion that the sublinearity was caused by the activation of a transient potassium channel, which was inactivated by the steady-state depolarization.
DISCUSSION
These results demonstrate that voltage-dependent channels play an important role in the summation of voltage changes in pyramidal cells and thus in synaptic integration. The way in which voltage changes are summed depends on the amplitude, timing, and site of initiation of the voltage changes. Summation of perforant path EPSPs with large, but not small transient depolarizations (such as mossy fiber EPSPs) was sublinear due to activation of transient potassium channels, whereas summation with steady-state voltage changes was actively linear. Summation of mossy fiber EPSPs with both transient and steady-state voltage changes was well described by passive simulations. This difference between these two inputs may in part ref lect the differences in distributions of voltagedependent channels in the proximal and distal dendritic membrane, and suggests that the relative strengths of proximal and distal inputs may change dynamically with ongoing activity.
We believe that the sublinear summation we have observed results from the activation of transient potassium channels by the mossy fiber EPSP. Recent data (36) suggest that the somatic and dendritic transient potassium current in CA1 pyramidal cells is mediated by Kv4.2 rather than any of the Kv1 (shaker) channels. Although no detailed studies of transient potassium channel types have been performed in CA3 pyramidal cells, overall transient potassium currents in CA1 and CA3 cells are quite similar (37) and anatomical data (38, 39) suggest that Kv4.2 channels are the major type of transient potassium channel in CA3 pyramidal cell soma and dendrites. The density of Kv4.2 channels in CA3 may be lower than in CA1, but Kv4.3 channels seem to be present at higher densities in CA3 than in CA1 pyramidal cells (38) . Transfected Kv4.2 and Kv4.3 channels have similar inactivation kinetics ( Ͻ 5 ms at Ϫ30 mV) and sensitivity to 4AP (EC 50 Ϸ 5 mM), although Kv4.3 channels activate and inactivate at more negative potentials than do Kv4.2 channels (40) (41) (42) . These properties of Kv4.2 and Kv4.3 potassium channels correspond closely to the time course, sensitivity to 4AP, and inactivation with depolarization of the summation as described above. Other transient potassium channels, such as those of the Kv1 family, are sensitive to much lower concentrations of 4AP, are activated at more depolarized potentials (29) , and are localized presynaptically in hippocampus (39) . Thus, we believe Kv4.2 and perhaps also Kv4.3 channels to be responsible for the sublinear summation, opening the possibility that modulation of these channels may alter the properties of summation in CA3 cells (36) .
The interaction between mossy fiber and perforant path EPSPs is asymmetrical in time, in that prestimulation of mossy fibers reduces perforant path EPSPs but not vice versa. This asymmetry suggests that the temporal order of firing in EC and dentate gyrus may be important for determining the level of activation in CA3 pyramidal cells. The mechanism of this asymmetry is not clear, but we believe that this effect is most likely due to the location of open A channels relative to the site of the synaptic activation and/or to the difference in time course between mossy fiber and perforant path EPSPs. Opening of A channels results in hyperpolarization and also in shunting of any synaptic current traveling through the dendritic region where the A channels are located. It is well known that the effects of shunting inhibition are larger if the shunt is opened in the path between the site of synaptic activation and the soma (2), as is likely to be the case when mossy fibers are stimulated first. When perforant path EPSP are elicited before mossy fiber EPSPs, current from mossy fibers will not pass through the regions of dendrite where A channel activation is highest, and thus they will be less affected by the preceding EPSP. Also, simulations of A channels suggest that these channels may inactivate during the slow rising phase of perforant path EPSPs (unpublished observations). Thus, EPSPs with faster rise times, such as mossy fiber EPSPs, may be more effective in activating A channels than slow EPSPs, including perforant path EPSPs.
Thus, how a neuron sums its inputs becomes a rather complex issue. Small (Ͻ5 mV) EPSPs are added linearly in all cases that we have studied, but when the summation involves larger inputs, the result depends critically on the amplitude and timing of the EPSPs being summed. Therefore, in this example of neuronal arithmetic at perforant path and mossy fiber synapses, 1 mV ϩ 1 mV ϭ 2 mV, but 8 mV ϩ 8 mV Ͻ16 mV, but only if the two inputs arrive at approximately the same time. The amplitude dependence of this sublinearity suggests that such nonstandard arithmetic may be especially important when neurons receive a large input either via a specialized synapse such as the mossy fiber synapse,or via synchronization of inputs as occurs during various population oscillations.
In contrast to the predictions of modeling studies (3, 8, 10) , we found no evidence for supralinear summation. Instead, we observed that perforant path EPSPs summed sublinearly with proximal EPSPs, but linearly with steady-state somatic depolarization. However, in the experiments here, the two inputs are far apart on the dendritic tree. The computational studies of synaptic integration described above focused on synapses located close to each other on the dendritic tree, and the nonlinear interactions between such synapses may differ from the synapses we describe here. Nonetheless, our results indicate that voltage-dependent sublinear summation occurs in dendrites and thus suggests that dendrites support a computational complexity not previously appreciated.
These results, as well as recent anatomical data showing that interneurons are the primary synaptic targets of mossy fibers (43) , indicate that granule cell activation will have a mixed effect on CA3 pyramidal cell activity and suggest that activation of CA3 cells by mossy fiber input is more selective than previously appreciated. In sharp contrast with the view of the mossy fiber as an input that functions as ''detonator synapse'' (16), mossy fiber activation may function as a way of dynamically regulating the sensitivity of CA3 pyramidal cells to their array of inputs, so that the strength of a given input, or the likelihood of an input being potentiated, will depend on its arrival time relative to the most recent mossy fiber input. These data also suggest that transient or persistent modulation of potassium channels (36) may be an important mechanism for modulating distal inputs as well as their sensitivity to the arrival of other inputs.
